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Human keratinocytes are notoriously difficult to 
transfect. We have optimized a method for introduc-
ing plasmid DNA into keratinocytes that pairs the 
polycation poly-L-ornithine with a dimethylsulfoxide 
(DMSO) shock. The optimum poly-L-ornithine con-
ditions for keratinocyte transfection entailed incu-
bating the cells with 12 ~-tg/ml poly-L-ornithine and 
10 /Lg DNA for 6 h, followed by a 4-min 25% DMSO 
shock. Based on kinetic studies, 1 h is enough time to 
produce 10% positive cells in transient transfections, 
which increases up to an average of 20% after 6 h. 
Transfected cells survive passaging, and marker plas-
T h e abili ty to transfect cell s with a desired gen e con struct is a cornerston e technique of molecular research . We were interested in deve loping an effi-c ient and econ o mical tran sfection m eth o d for pri-mary keratinocytes that gave re producible results 
w hile b ein g n o ntoxic. Previously publish ed m ethods, su ch as 
e lec troporation , lipofectio n [1] , o r calcium phosphate precipita tion 
[2], eith e r fa il to produce hig h transfection rates o r have undesirable 
associated factors such as high cost or the induction of differentia-
tio n in the t ran sfected keratinocytes. 
Polycation-mediated introdu ction of D N A into cells seem s to 
avoid most of these draw b ack s. T h e polycations were initially u sed 
to enh an ce retrovira l ad sorption to cells [3 ] , and Kawai and 
Nishizawa [4] first p a ired polybre n e with an osmotic shock to 
intro duce D N A into mammalian cells. Polybre n e h as been reporte d 
to y ie ld 10% transfection of human keratinocytes w h en paired w ith 
e ithe r a g lycerol [1, 5] or dimethy lsulfoxid e (DMSO) shock [1] . 
Another polycation, poly-L-omithine, h as been used with a DMSO 
shock to tran sfect 3T3 cell s [6 ] and both prolifera ting and quiescent 
C hin ese hamster ovary cells [7] . We report h ere a method of 
tran sfecting primary human keratinocytes u sing poly-L-ornithine 
and a 25% to 27.5'Yo DMSO shock to yield an average efficiency of 
20%. T h e m e thod is u seful for developing sta ble transfectants, and 
in as little as 1 h produ ces 1 0% transient tran sfectan ts. 
MATElUALS AND METHODS 
Plasmids T he plasmid pCMV-{3-gal was provided by Dr. IGngsman 
(University of Oxford) and contains the bacterial IneZ gene under the 
contro l of the cytomegalovirus promoter. T he plasmid pSV2neo provides 
resistance to the neomycin analogue G418 sulfate (Life Techno logies, 
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mids and selection can be used to yield stable trans-
fectants at a rate twofold higher than in cells trans-
fected with polybrene and DMSO. Transient 
transfection rates were significantly higher using 
poly-L-ornithine/DMSO than with the polybrene/ 
DMSO or polybre'ne/glycerol methods previously re-
ported. Overall, transfection mediated by poly-L-
ornithine provides an efficient and inexpensive 
means of transiently or stably introducing DNA into 
keratinocytes. Key words: polycationlpolybrene. J Invest 
Dermatol 105:668-671, 1995 
Gaithersburg, MD) . T he plasmids were grown in chemically competent 
l-ID 1 01 bacteria and purified by polyethylene glycol precip itation. 
Cell Culture Human epidermal keratinocytes were co llected from neo-
nata l foreskins and maintained in Keratinocyte Growth Medium (KGM; 
Cloneti cs) in the absence of a layer of feeder cell s. Primary keratinocytes 
were trypsinized and passaged 2 d before tra nsfection to yield a conAuence 
of 30% to 50% on the day of transfection. 
Polycation Transfection Poly-L-ornithine (P3655) and polybrene 
(hexadimethrine bromide; H9268) were obtained fro m Sigma Chemical 
Co. Sterile stock solutions were prepared by dissolving the polycations in 
steril e water at a concentration of1 0 mg/ mL and storing for up to 4 months 
at 4°C . To transfect keratinocytcs, the ceUs were first washed with 37°C 
phosphate-buffe red saline, and then the transfection mixture was added. 
Except as noted in the text, the transfection mixture consisted of 1.8 ml 
KGM, including 12 f.Lg/ ml po lycation, and 10 f.Lg DNA per 60-mm plate. 
The ce ll s were incubated at 37°C and rocked gently every 1.5 h for the 
duration of the transfection to ensure an even distribution of the transfection 
mixture . After the allotted time, the transfection mixture was removed and 
the DMSO or glycerol solution (expressed as v/v in KGM) was added for 
4 min at room temperature (see text for conditions). T he ce lls were tl1 en 
immediately washed twice w ith 37°C Ham's F12 medium (Gibco BRL) , 
and 37°C KGM was added to each plate. After 40 h , tl1e cell s were stained 
for J3-galactosidase activity. Mass ratios were determined by dividing the 
amount of DNA added to each plate by the total amount ofpolycation used 
on that plate. Using the transfection mixture described above as an example. 
the mass ratio would equal (1 0 f.Lg DNA)/ (1 .8 ml medium X 12 f.Lg/ ml 
polycation) = 0.46. 
Stable Transfection For cell s transfected on 60-mm tissue cul ture 
plates, we used a transfection mixture of 1.8 ml KGM with 12 f.Lg/ ml 
polycation and 10 f.Lg pSV2Neo to provide resistance to the neomycin 
analogue G418. Cell s were transfected as described above using a 27.5% 
DMSO shock. After 24 h , the cell s were split to 1 00-mm plates in KGM . 
Selection began 24 h after the cells were passaged. After 2 weeks of 
selection. the number of colonies 2 mm in di ameter or greater was counted. 
Transfections from the /3-gal passaging experiment were performed as 
described under Pol)'cntio11 Trn 11sjeclio11 . 
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Table I. Optimum DNA-Poly-L-Ornithine Mass Ratio" 
Amount of 
pCMV-{3-gn l (J..Lg) 
0.0 
5.0 
10.0 
15.0 
20.0 
Mass Rntio1' 
0.0 
0.23 
0.46 
0.69 
0.93 
Percent T ransfected 
Cells' 
0.0 
5.4 (1 .9) 
15.7 (3.7) 
10.2 (4 .9) 
7.6 (1 .0) 
" Pooled kcratinocytcs from mul tip le fore skins o n 60-nun plates were transfcctcd for 
6 h w ith '12 J.Lg/ ml po ly-L-oruithine and varying ~unounts of pC MV-{3-gal in 1.8 ml 
KGM. C ells were shocked fm· 4 min in 25°/., DMSO and washed twice be fore add in g 
fresh KGM. The results represent two experim ents, w ith three pl ates per DNA 
con c cn trati011. 
1
' The mass ratio of pC M V-/3-gal to poly-L-o rnithinc. 
r Values arc given as mean ( :±: SO) for 12 representative fie lds from each plate. 
Staining Transfected ce lls were foxed and stained for {3-gal acnvoty as 
described (8]. Ten to 12 defined fields per plate were counted to determine 
the percentage of keratinocytes transfected, with nt least two fields from 
each quadrant. Statistica l tests were performed using SigmaStat 1.0 Oandcl 
Corp., San RnGoe l, CA). 
RESULTS AND DISCUSSION 
Poly-L-Ornithine-Mediated Transfection Experiments were 
initi ally carried out on 60-mm pla tes, but the m ethod has been 
adapted to 22-mm and 100-mm plates without loss of effici ency. 
T h e conditions for each experiment are noted in the text. 
Transfcction Optimization The amount of plasmid DNA was 
varied with a constant con centratio n of po ly- L-ornithine to deter-
mine the optimum DNA-polycation ratio for transfecting keratino-
cytes. B e tween 5 and 20 J.Lg of pCMV-/3-gal was added to the 
standard transfection mixture , giving DNA-po ly-L-orruthine mass 
ratios o f0 .23, 0.46, 0.69, and 0.93 (Table 1). The mass ratio of0.46 
(1 0 J.Lg DNA) produced the highest number of transfectants. As the 
amount of DNA used in the transfectio n was increased , the 
percentage of /3-gal-positive clones decreased graduall y. T he m ean 
values for the percent transfected cells w ere statistically sig rufi-
cantly different by <1 one-way analysis of variance test (p = 
0.000796) . T hese resu lts are in agreement with work by B ond and 
Wold [6] using po ly- L-orn ithine on different ce ll types , though 
their protocol did not include a DMSO shock and yie lded signifi-
cantly lower numbers of transfectants. 
Our initial experiments and published reports [1 ,4] suggested 
that the optimum to le rable con centration ofDMSO for m ammalian 
cells is b etween 20% and 30%. W e tested DMSO concentrations of 
0% , 20%, 22%·, 24'Yr,, 26%, and 30% to de te rmine which level would 
prove most e ffec tive with poly-L-ornithine in transfe cting primary 
human keratinocytes. Although 30% DMSO caused cell death , a 
shock of 26% DMSO produced the highes t transfection rate, with 
an average of 21.5% /3- ga l-positive ke ratin ocytes (Table II). 
However, even this concentration of DMSO produced vacuoliza-
tion and membrane disintegration in the ke ratinocytes , whi ch was 
Table II. Optimum DMSO Concentration" 
DMSO Concentration ('X>) 
0.0 
20 .0 
22 .0 
24 .0 
26.0 
30 .0 
Percent T ransfectcd 
Cell s'' 
0.0 
5.6 (3 .3) 
11.6 (4 .1 ) 
17.1 (3.0) 
21.5 (4.3) 
Cell lysis 
0 Pooled kcratinocytcs from two foreskins o n 60-mm plates were transfected i11 
tri p li c ate for G h with 12 JLg / ml poly-L-ornithinc and 10 JLg pCMV-{3-gal in 1.8 ml 
KGM. C ells were shocked for 4 min in varying concent rations of D MSO and washed 
rwicc before adding fresh KGM. 
b Values arc given as mean( ± SD) for 12 representa tive f1clds from each plate. 
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Figure 1. Poiy-L-ornithinc/22%-DMSO-mediated transfcction of 
pCMV-/3-gal into primary human kcratinocytcs. Cells were stained 
fo r {3-gal activity 40 h after trnnsfcction. A 4-min 22% DMSO shock 
produced li ttle cytotoxicity. Bar, 100 J..llll. 
absent at the 22'Yo DMSO level (Fig 1) and was presen t at a low 
level at 24%. A one-way ana lys is of varian ce test showed the 
diffe ren ces of the m eans to be statistica lly significantly different (p = 
0.000088), and the optimum DMSO con centra tion and the related 
cytotoxicity were similar to those found for the optimum DMSO 
concentration when transfecting keratinocytes with po lybrene [1) . 
Notably, in the course of o ur experimen ts we used two diffe rent 
batch es of DMSO and found that th ere was a sm all but significan t 
change in the o ptimal DMSO concentration for m aximal transfec-
tion e ffi c iency. Expe1~im ents using 30% and 25°/., DMSO fi·om on e 
batch gave resul ts similar to those w ith 26% and 22%, respectively, 
fro m an othe r batch ofDMSO. Because of this, we recomm end that 
DMSO be atiquoted and stored at - 70°C once an optimum 
con centration is determined for a specifi c batch of DMSO. 
Kinetics ofTransfection We added a DNA / o mithine mixture 
to prim ary human ke ratinocytes fo r vao-yin g len gth s of time before 
the DMSO sh ock to determine the rate of transfection (Table III). 
The maximum number of transfectants occurred at 4 h , whi le the 
4-, 5-, and 6-h time points were closely grouped. Altho ugh the 
number of transfected cells does appear to vary with tim e, a 
one- way analys is of va riance test 1';1iled to show a statistica Ll y 
significant diffe ren ce among the m ean values (p = 0.282). Notably, 
however, up to 10.9% of the keratinocytes expressed /3-ga l activ ity 
at the 1-h time point, showing the convenience and versati li ty of 
the m ethod . Cel.l s that were incubated for m ore than 6 h w ith the 
transfectio n mi xture befo re a DMSO shock began to show physical 
effects of omi thine toxicity, inclu ding increased va cuo ljzation and 
m embran e disin tegration . 
Table III. Kinetics of Transfcction b y Poly-L-Ornithine" 
T ime (h) 
2 
3 
4 
5 
6 
7 
8 
Percent Transfccted Cclls1' 
8.4 (2.5) 
9.7 (2.2) 
13.5 (6.6) 
15.2 (1.9) 
13.6( 1.0) 
14.0 (3.8) 
9.9 (5. 7) 
9.8 (3.0) 
'' Pooled kcratinocytcs from three fo reskins on 60-mm plates were transfcc tcd in 
triplicate for varied lengths of time wi th 2 1 J.t.g poly-L-orni thinc :md 10 p.g pCMV-
I3-g:1 l in 1.8 ml KGM . Cells were shocked in 2 5%~ DMSO fo r 4 min aud washed twice 
before adding frc ' h KGM. 
" Values arc given as mean ( :!: SO) for 12 representative field s from each plate . 
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Figure 2. Passaging of poly-L-ornithinc/25'Y"-DMSO-transfcctcd 
primary human kcratinocytcs. T ransfec tants were passaged and permi t-
ted to reach conAucncc before staining for {3-gal activi ty. Note the large 
stain ed region of ce lls, in contrast to the staining of single cells (nrroll's). Bnr, 
100 !J.nl. 
Keratinocyte Survival T he abili ty of tran sfcctcd ke ratin ocytcs 
to survi ve passagin g was examin ed beca use o f th e o bserved ce ll 
to x icity at some o rnithine and DMSO concentratio ns. Keratino-
cytes were tran sfected as described (sec Materials allfl Metlwds), 
trypsinized and passaged 1 :1 afte r 40 h, and th en permitted to reach 
conflu ence befo re be ing stained fo r {3-ga l activity (3 d after 
passagin g) (Fig 2). T he two 60-mm pla tes from the split were 
estim ated to b e 3'!/o to 4% positi ve fo r {3-gal activity , whil e two 
duplica te pl ates that we re stain ed be fo re pa ssag ing were 1 5.5 '% and 
16. 5% {3-gal positive . T herefore , the po ly-L-ornithine me th od is 
capabl e o f intro ducing a ta rge t constru ct into keratin ocytes , and th e 
resulti11g transfecta nts arc viable fo r passagin g and fur ther cell 
di visio n. 
Comparison With Polybrene-Mediate d Transfection W e 
w e re inte rested in comparin g o rnithine-mediated transfecti on of 
hum an keratinocytes ~ith the polybrene-m ediated transfec ti on 
re po rted by o th ers !1 ,5,9). ln an effo rt to mimi c th e conditions o f 
o the r studies [5 ,9) , w e u sed 22-mm plates fo r transfec tio ns rath er 
th an th e 60-mm plates used in o th er expe1·imcnts. Keratinocytes 
from tlie sam e fo reskin w ere transfected o n 12-we ll pl ates (22-mm-
diam eter wells) wi th either polybrc nc paired with a 15% glycerol 
shock or poly-L-ornithine paired w ith a 25";;, DMSO shock (Table 
IV) . Po ly-L-o rnithin e at 12 /-(-g/mJ (a D NA-pol y- L-o rni thin c m ass 
ra ti o o f 0.42) yie lded th e best resul ts, w ith m o re than 25% of the 
cell s in on e well staining positively fo r {3-gal activ ity and w ith a 
19.6'X1 ave rage fo r that exp erimen ta l condi tion . Lowering the D NA 
con centration witho ut adju sting the po ly- L-o rnithinc concentra-
tio n (m ass ratio of 0. 21) resulted in marked cytotox ic iLy and 
pro du ced low transfcction rates. T hi s low transfec ti o n fi·cquen cy at 
a mass rati o of approxim ately 0. 21-0.23 w as repro du cibl e , as seen 
in Table I. T hese results confirm reports th at cells may have a 
certa in to lerabl e D N A/ornithine rati o [6). Sca lin g ba ck o n th e 
amo unt o f both po lycation and DNA that was added to the 
transfecti on mi xture to maintain the mass ra tio at 0.4 2 yi e lded 
respectable express ion rates for po ly-L-ornithin e (1 6 .9% average) 
w ith n o evident cytotoxi city. A scaled-back tran sfcc tion reactio n 
would be useful if onl y small quan titi es of DNA are ava ilable. Th e 
keratinocytes expo sed to th e po lybrene and g lycero l shock ap-
peared hea lthy, yet f.,i]cd to express published leve ls o f {3-gal 
activity. Our protocol did differ fi·om th at published on several 
accounts [9] . First , we used transfectio n-mixturc vo lumes of0 .5 ml 
and 1.0 ml, w h.ich bracke ted the 0 .7 5 ml reported, but it is 
impo rtant th at the quanti ty of DN A and th e polybrene concentra-
tio ns were the same in each case . Second, o ur keratinocytes were 
g ro wn in serum-free KG M rathe r th an serum-free m edium (G ibco 
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Table IV. Comparison of Transfection Methods: 
Polybrene/Glycerol Versus Poly-L-Ornithine/DMSO'' 
Conditions'' 
Polybrcnc ( I 0 !J.glml)'" 
2 .5 !J.g DNA, 0 .5 ml 
2.5 !J.g DNA, 1.0 ml 
Poly-L-orni thinc (12 !J.glml / 
2 .5 p.g DNA , 0.5 ml 
1 .25 !L!> DNA , 0.5 ml 
Poly-L-orni thinc (6 !J.!;Iml) 
1 .25 !J.g DNA, 0.5 ml 
Mass !"l .. atio' Percent T ransfectcd Ccllsd 
0.50 0 .6 (0 .2) 
0.25 0 .7 (0.4) 
0.42 19.6 (6. 0) 
0.21 3 .6 (0.8)< 
0.42 1 6. 9 (2.2) 
" Prim nry hum:m kcratinocytcs fro m o ne foreskin were seeded 50.000 cc lls/ wcU on 
2- 12- wcll pla tes :m d transfcc tcd a l 3 0°/t ~ w 40% co nAucncc. 
1
' Condi t io ns g iven arc pe r well. C M V-{3- gal was used as the repo rte r plasmid . and 
tr:tn sfcc l"i o ns we re carried o ut in F12 lncdium. 
r The m ass ra tio o f pC M V- {3-gal I'U th e tow! am o unt· o f po l yc<~ tion used . 
'
1 Val ues arc given as mea n ( :!:: SO) fC:n ·1 0 representa tive fi elds from each of four 
we ll s per co nditio n . 
j " T he co ncen tratio n of po lybrcnc w as kept co ust:lllt :H 30 J.tg/ml and was pnircd with 
n 4-min 151X• g lycero l shock . 
f T he COIH:entrntio n o f po ly-L- o rni thin e w ns e ith er (, o r 12 j..t.g/ ml nnd w:1s paired 
\Vl th n 4-rnin 25'}1, D M SO shock. 
.c Th ese co nditi o ns were m <l rked ly cyto tox ic. 
BR.L) and w ere never exposed to feeder cells. Finall y, we did not 
add sodium bu tyrate to in crease plasmid expression. 
An o th er po lybrenc transfcctio n me thod uses a DMSO shock 
rath er than a g lycerol sh ock [l). Th e auth o rs paired a 27% DMSO 
shock wi th 10 /-(-g/ml po lybrcnc to transfect keratin ocytes [1) . 
H o we ver, the resuJts of the study w e re expressed as en zym e 
activity rath er th an pe rcentage o f cells transfec ted , so direc t com-
pari sons are no t poss ible. To compare po lybre ne and po ly-L-
ornithinc wh en both po lycatio ns w ere paired with a DMSO shock, 
we perfonned transient and stabl e tran sfection experiments. Pooled 
keratinocytcs fi·om th e sam e fo reskins were transfe ctcd in an 
identical mann er, the o nly diffe rence being whi ch pol ycation was 
used . Po ly-L-ornith.ine-mcdiated transfectio n pro duced a fiv e- to 
sixfold higher tran sient tran sfection rate and a two fold higher stable 
transfccti on rate than pol ybri!nc-mediated tran sfccd on (Table V) . 
The stabl e transfection ra te was lower than the tran sient transfec-
tio n rate. T his is most likely due to the integration o f the plasmid 
required fo r maintenance o f G41 8 resistance , whi ch could be the 
limiting fa c to r in formin g stabl e transfectan ts , as a number of 
integra ti o n events will res ult in nonexprcss ion o f the G4 18 gene. 
T his experiment demonstrates that poly-L-ornithinc paired with a 
DMSO shock may be used to form stable tran sfectants and that 
under conditio ns identi cal to those te~ tcd here , poly:..L-ornith.ine 
transfcc ts ke ratin ocytes m o re effec tively than polybrene . 
Table V. Comparison of Transfection Methods: 
Transient and Stable Transfections by Poly-L-Ornithine/ 
DMSO and Polybrene/DMSO" 
Poly-L-ornithinc/DMSO 
T ran sie n t!> 
Stable' 
Polybrene/ DMSO 
Transie nt'' 
Stable' 
Experiment 1 
17.0% (2 .8) 
47.7 (1 0.2) 
3.2%, ('1. 4) 
20.0 (2) 
Experiment 2 
19 .2% (3.5) 
38 (3 .5) 
3.3% (1.1 ) 
18.7 (3.5) 
" T r:msfecrions were perfOrm ed <l S dcscdhcd under Pcdyrruimt Trn~t.ifertion, with the 
s;\lliC co nditi o ns being used fo r po ly- L-o rnithine ;1s fo r pulybrcnc. 
1
' Vnlu es arc g iven as m c<lll (:t SD) fo r 10 representa ti ve fi elds fro m each of three 
rc pl k":ltC p l:1rcs pe r conditi o n. 
.. Tr:m sfccted kera tinocytcs were split fro m 60-mm to I 00-mm tissue cul ture phucs 
(spli t ratio of I :3. h:1scd o n approx im:ll:c surf.1 cc area o f th e plntcs) and selected as 
described . Values arc g iven as m c :111 (:!:: SD ) for the nurnhcr o f co lo nies ar lease 2 nun 
iu diame te r fro m three replicate pla Lcs per coudi tio u . 
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Conclusion W e present a tran sfec tio n m eth od fo r hum an epi-
d e rmal keratinocytes that is economical , time and labo r effi cient, 
and consistently yie lds a 15% to 20"!.• transfection e ffi c iency. Our 
pre ferred meth od has a 4-6-h in cubation usin g 60-mm pl ates and 
pairs a transfe c tion mix ture of 12 J.Lg/ ml pol y-L-ornithine, 10 J.Lg 
DNA, and 1.8 m l KGM wi th a 4-min , 25% to 27 .5'X, DM SO shock . 
T h e optimum percentage o f DMSO ma y vary betw een ba tches, so 
testing of each batch is advi sed. It is important th <lt the poly-L-
o rnithine-mediated procedure m ay be adapted to a varie ty of tissue 
c ulture plate sizes, fi·om 22 mm to 100 mm . Howe ve r, one must 
maintain a mass ra t io (DNA to total po ly-L-o rnithi11e added) o f 
0.42-0.46 when adjustin g the transfection to diffe re nt-sized plates 
ro obtain an optimum transfection. With the correc t DMSO 
con centration , th is method produces li ttl e cytotoxic ity and ca n be 
u sed to produ ce stab le tran sfectants. Poly-L-o rnithin e-mediated 
tra n sfe c tion shou ld permit easier manipulation and gene tic charac-
terization of ptimary human keratinocytes . 
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FIRST ANNOUNCEMENT 
W e are p leased to anno unce that Ski n T herapy Fo rum Ill w ill be he ld at the Uni versity of 
Wales College of M edicine, C ardiff, on 7- 9 Octo ber 1996. T his is the third m eeting in the 
series and is a British Associatio n of Dermatologists sponsored even t. It is in tended to be a very 
pra ctica ll y ori entated two and a half day meeting , and will discuss m any da y to day problems 
which confi·ont the dermatol ogist . Th e m eeting is being orga nised by Pro fessor R . Marks o f 
C ardiff and Professor W .J . C unlifFe o f Leeds. 
The programme will consi st o f in vited lectures , free communica tion s, pos te r papers, and 
lun chtime debates. Sess io ns w ill include the fo ll owing : T he T reatm en t of Auto immune 
D isorders, W o und C are in Derma tology, Surgical Techniqu es, La ser Treatments , T h e 
Managem ent o f D isease o f Hair and Nail s, Ps01·iasis, T he Man agem en t o f Skin Di sease 111 
C hildhood , Eczematous Disorders , and Acne and R.osacea. 
For furth er detai ls and abstra ct form s please contac t Pro fessor R. . Marks, Professor o f 
Dermato logy, Unive rsity o f W ales Coll ege o f Medicine, H eath Park, Ca rdift: CF4 4X N , 
United Kin gdo m . 
